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By Williem R. Kerslake

N
.
SUMMARY R
~n

Gaseous hydrogen fuel was burned in a connected-pipe combustor wi
a cross section equal to 35° gector of a 28-inch diameter. Eleven
shrouded fuel-injector configurstions were used to obtain combustion
data at the following high-altitude ramjet combustor conditions: pres-
sure, 5 to 24 inches of mercury sbsolute; velocities, 340 to 160 feet
per second; and inlet air temperature of 240° F. Combustion efficiencies
were messured above 895 percent for wide bands of fuel-air ratios. The
cambustor configurations reported herein extend the efficient burning
range of hydrogen at ramjet conditions to & pressure of 1/6 atmogphere;
best configurations previously reported gave high efficiency to only 1/2
atmosphere. <LCompasrable combustion date of a full-gize ramjet engine us-
ing the shrouded fuel injector are also presented.
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INTRODUCTION

The theoretical advantages of using hydrogen fuel for & high-
altitude high flight Mach number ramjet engine have been shown thoroughly
in reference 1 {alsoc NACA unpublished data). These advantages stem from
the hydrogen propertles of & high flame speed or reactivity, especially
at low pressures (ref. 2), a large heat sink or cooling capacity, and a
high heating velue per pound. In order to realize fully the potential
advantages of hydrogen, high combustion efflciency must be achieved in
a short, light-weight cambustor with small flameholder pressure losses.

At high altitudes where burner pressure fell below 1/2 atmosphere,
the simple spray bars of references 3 and 4 no longer gave good cambustor
performance, particularly at short burner lengths. The objective of the
work discussed herein was to establish design principles for a fuel in-
Jector capable of good performance at low burner pressures in & short
combustor length.

As the program progressed, the Importance of certain design vari-
ables became evident, such as, (1) amount of air admitted inside the
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shrouds;  (2) location of mixing tabs on the downstream end of the
shrouds, (3) length and width between the shrouds, (4) manner and loca-
~tion of inJecting fuel inside the shrouds, and (55 spacing between shroud

units. Variables (1) and (2) were studied primarily because the knowl-
edge thus gained could be immediately applied in the 28-inch-diameter
ramjet engine that was tested in the NACA lLewls 10- by 10-foot supersonic
wind tunnel. Design varisbles (3), {4), and (5) as well as (1) and (2)
‘could be observed more easily in a two-dimensional test section at a
later time and were left for possible future study. The starting point
or basic design of the fuel injector was similar to the shrouded fuel
injector of reference 5. One attempt was made to test a scale effect by
doubling the number of raedial fuel-injector elements and at the same time
reducing the size of the element to one-half.

314° 14

Testing was conducted in a connected-plpe burner with a cross sec-
tlion equal to s 35° sector of a 28-inch-dismeter circle. This cross sec-
tion was’the largest one that could be accommodated in the existing test
facility. The test ranges of inlet pressure and velocity were selected
to be equivalent to tunnel operation at simulated altitudes of 80,000 to
120,000 feet and flight Mach nmumbers of 3.0 to 4.0. The inlet air tem-
perature was approximately 240° F, which corresponded to the total tem- -
perature in the tunnel at a Mach nmumber of 3.0. CAt a flight Mach num~
ber of 3.0 in the stratosphere the total temperature is 640° F.)

As the ramjet engine was primarily designed for low-equivalence-
ratio operation (up to 0.4 stoichiometric fuel-air ratic), the bulk of
experimental data was taken at these low equivalence ratios. Combustion
efficiencies are reported for 11 different shroud configurations. Three
of—these conflgurations were also tested up to stoichimmetric fuel-air
ratios for possible future application. The performance of one configu-
ration that was tested in the 28-inch-diemeter ramjet in the tunnel is
also presented for compsarison.

APPARATUS
Connected-Pipe Test Facility

A schematic drawing of the airflow is shown in figure 1. Ailr was
supplied at 40 pounds per square inch gage and heated electrically to
provide a cambustor-inlet tempersture of approximately 2;400 F. The
heated air was metered by a varilable-area calibrated orifice, passed
through a throttling valve, and entered a plenum chamber. Froam the
plenum chamber it was ducted into a 12-inch-diameter pipe to the cambustor
section. Gaseocus hydrogen fuel flowed directly from a mulbtigas~cylinder -
trailer through a throttling valve and critical flow-metering orifice to
the fuel injectors in the combustor. Air-atomized quench water, metered
by rotameters, was introduced at the combustor exit. The resulting -
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ges-water mixture came to an equilibrium temperature In a 15-foot long
heat balance or calorimeter section. The equilibrium-mixture tempera-~
ture was measured by two thermocouple rskes before the gases were ex-
hausted through a throttling valve to the laboratory altitude exhaust
system. The calorimeter wall temperature was measured by skin thermo-
couples to permlt calculation of heat losses from the calorimeter. Win-
dows at either end of the rig permitted observation of the burner.

Cambustor Section

Details of the 35°-wedge-sector burner are presented in Pfigure 2.
The burner simulated a wedge cut from a 28-inch-dlameter ramjet combus-
tor. Ailr entered through an orifice-type flow restrietion and passed
through a 2-foot long flow-straightening annuler section. The fuel in-
Jectors were located in the annular sector, Just before a step change to
& circular sector. This step change simulated a pilot-ended centerbody
in the 28-inch-~diemeter ramjet.

Wall static~pressure taps, probing stations, spark plug, and thermo-
couple rake were located as shown in figure 2. The burner walls were
cooled by forced air convectlion. The distance was 14 inches from the
point of fuel injection to the thermocouple rake with 10 additional
inches to the quench-water spray. As the rake was In the hot core of
gases the readings could not be used to calculate directly the combus-
tion efficiency. The rake gave relative values of combustion efficiency
and temperature profile between the variocus fuel iInjectors. The cold-
flow velocity profile in the burner is shown for two stations (2 and 3)
in figure 3. The probe traveled at right angles to the burner wall.

Fuel-Injector-Flameholder Configurations

Figures 4(a) to (k) present details of the fuel injectors. Each
flattened injector tube had 13 pairs of drilled holes located on the
centers of equal areas of the simulated annulus. The Iinjector tubes of
configurations J and K had holes one-half the size of those used for
configurations A to I.

Configuration A (fig. 4{a)) was similar to that used in reference 5
and was a starting polnt for design departure to improve low-pressure
cambustion efflciency and burner stability.

Configuration B, with a reduced ailr supply inside the shrouds, was
expected to provide a more stable flameholding zone by both reducing the
local velocity and.increasing the local fuel-air ratio. The flamespeed
of hydrogen is a maximum at an equivalence ratio of 2 (ref. 23. (Bquiva-
lence ratio is the fraction of stoichiometric fuel-sir ratio. Configu~-
rations C to F, in which progressively more alr was admitted between the
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shrouds, were studied to see 1f part of the air might not lmprove the -
combustion efficiencies but not seriously decrease stability. In con-

Figuretion F, the blockage between the shrouds was radislly nonuniform,
attempting to shelter the region where the flame first blew off the spray

bar.

The problem of mixing the hot fuel-rich gases issuing from the flame-
holder with the remaining air would probably be the most difficult when
all the air wesg bypessed around the shrouds, as Iin configuration B. A
completely blocked-~shroud configuretion was therefore chosen to exsmine
the effect of mixing tabs on the downstream end of the shrouds. Config-
uration G had the tabs bent straight in line with the shrouds and was a
basis for comparison. Configuretion H with tabs bent cutward was an at-
tempt to introduce more turbulence with a V-gutter-type blockage. With
configuration I (tabs bent inward) it was hoped that, in addition to &
lower friction pressure drop, the alr would flow around the shrouds with
an lnward component. This inward-alr component would lmpinge on both
sides of the issuing fuel creating a favorable zone for mixing and spread-
ing. Configuration B was designed {o create uniform antisymmetrical zones
of mixing (as opposed to the symmetrical tabs of configuration A).

8y 9y

Configurations A to I were fabricated from the same flattened fuel
spray bars and shrouds. Modifications between the configurations were
made by changing the upstream end of the shrouds or by bending the mixing
tabs. Conflgurations J and K were of similar shape to configurations B
to I, but four injector units were tested in the same cross section that
previously held two units. The four injector units had the same readiasl
dimensions, but their cross sectlon was one-half of the two-unit size.
Increasing the number of fuel injectors was expected to improve the
outlet-temperature profile and perhaps to reduce the cambustor length.

PROCEDURE
Operating Conditions

For all the configurations except A, data were taken at constant -
airflow levels of 4.0, 1.5, and 0.7 pounds per second. A run was defined
as a series of data points at constant alrflow with stepwise changes in
the fuel flow. The pressure of the burner (unless otherwise noted) was
the lowest pressure gvallable in the particular apparatus used. The 1l.5-
pound-per-gsecond airflow condition was picked because 1t most closely
simuiated velocities in the 28-inch-diameter ramjet. The 4.0-pound-per-
second airflow represented operation at higher burner pressures with
socmewhat higher velocities. At the O.7-pound-per-second airflow the )
flameholder could be tested to near stoichiometric combustion, but the “
air veloclty was about one-half that of the realistic ramjet combustor.
The following table presents typical operating ranges at the three
alrflows:
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Airfiow, Approximate Inlet Air Conditions
1b/sec
Pressure |Velocity |Temperature,|Maximum fuel
range, range, oF eqguivalence
in. Hg abs| ft/sec ratio
0.7 5-12 190-70 240 1.00
1.5 7-12 280-160 240 . .49
4.0 16-25 320-220 240 .18

The maximm equivalence ratio was limited by the fuel supply system.

The burner was ignited by a sperkplug convenlently located in the
burner wall 5 inches downstream of the fuel injectors. Since this loca-
tlon was not optimum, the alrflow had to be reduced below 100 feet per
second, and the pressure raised to more then 10 inches of mercury abso-
lute before the burner would start. A more favorable location for the
sparkplug would be near or in the path of a fuel jJet.

Cambustion Efficiency

Cambustion was assumed to be terminsted by the quench-water spray.
Reference 5 presents combustion deta taken with a heat balance and
quench-water spray in which the quench-water flow rate was varied while
the burner fuel and sirflows remained constant. Since the combustion ef-
Ticiency remained almost constant over the range of quench-water flows,
it was concluded In reference 5 that the combustion reaction was defi-
nitely terminated by the quench water. The combustion reaction in this
program should be even more quickly dquenched because the water was more
finely injected (more injectlion points per cross-sectionsl area) in addi-
tion to being air atomlzed.

Cambustion efficlency was defined as the ratio of the measured en-
thalpy rise 1in the burner divided by the theoreticsl lower heating value
of the fuel. The enthalpy rise in the burner was calculated from a heat
balance around the calorimeter section. To eliminste the heat capacity
of the products, the combustlion reaction was theoretically assumed to
occur at a calorimeter-outlet temperature of approximately 400° F. The
theoretlical heating value of the fuel would then be the weight flow of
fuel times its heat of combustion at 400° F, 51,970 Btu per pound. The
following taeble shows the relative importance of the various constituents
in the heat balance for a typical data point with a 240° F inlet air tem-
perature and 0.0078 pound per second of fuel at 60° F.
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Constituent Temperature| Enthalpy
change, rise,
OF Btu/sec
Air 240 to 400 49
Fuel 60 to 400 g
Quench water 50 to 400 301
Jacket water 50 to 60 12
Losses of calorimeter 20
to room air, calcu-
lsted from ref. 7
Total 391
Enthalpy rige 391 = 98 perceunt

Combustion efficiency = g=7 Teating Value==(0.0078)(51,970)

RESULTS
Shroud Alr Blockage

Figure 5(&) and table I present combustion efficlencies for the
original configuration A with 100-percent open area between shrouds. A
rapid fall-off ofefficiency was evident at lean fuel flows. At the
Jowexr burner pressure of runs 1 and 2, blowout of the outer helf of both
fuel injectors occurred at about a 0.3 equivalence ratioc.

Airflow to configuration B was completely blocked off between the
shrouds or zero-percent open area. Configurations C, D, E, and F had
progressively more ailr sdmitted between the shrouds. Cambuetion effi-
ciency data for these configurations are shown in figures 5(b) to (f),
and figure 5(g) is a summary plot for the 1.5-pound-per-second airflow
condition of the faired curves of figures 5(a) to (f).

Mixing Tabs

The results of varylng mixing tabs on the downstream edge of the _
shrouds are shown In figure 6. There was little or no effect on combus-
tion efficiency. The predaminant effects were noted in the cold-flow
pressure losses and outlet-temperature profiles. Cold-flow pressure
losses 'Ap/q, where Ap 1s the wall static-pressure drop across the
fuel-injector flameholder and q 1s the veloclity head, were a moderste
2.0 for configuration H to a low 0.7 for configuration I. Configuration
A with no blockage on the upstream end of the shrouds had a very low
cold flow A@/q of 0.2. The static-pressure drop corresponds approxi-
mately to a total-pressure drop at the test velocities. '

1447
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For comparing the temperature profiles, a profile Tactor was defined
as the maximum minus the minimm measured temperature divided by the av-

Tnax -
erage tempergsture rise ————zﬁrgéig. Configuration B with antisymmetri-
cal tebs had the best mean profile factor, and configuration G with no
tabs had the worst profile factor of figure 6. Individual profile fac-
tors are presented in table I.

The temperature-profile-factor data are not completely relieble be-
cause they were computed from only one temperature rake with five thermo-
couples. This rake was across the wake of the fuel lnjectors and meas-
ured flame spreading between injectors, but not redially along each in-
dividual Iinjector. Visusl observation of the flame indicated approxi-
mately uniform radial temperatures, except for an intentionally designed
cold-air zone next to the outer wall. The profile data could only be
taken up to medium fuel flows, and blanks in the data table were due to
thermocouple rake burnout.

Higher Equivalence-Ratio Burning

Figure 7 presents combustion data at egquivelence ratios up to 1.00.
These date must be qualified, because to enable the limited fuel system
to produce high equivalence ratios, the welght flow of sir was reduced.
Consequently, the alr velocity was lower than would be reallstic. These
tests, however, dld produce interesting datae. The cambustion efficlency
remained high (above 87 or 92 percent) up to & 1.00 equivalence ratio at
a very low burner pressure (5 to 8 in. Hg abs for run 21). Runs 22 and
23, configurations D and E, were less stable, blowing out at 5 inches of
mercury absolute (condition of run 21). The data were subsequently taken
at a higher pressure level where combustion was found stable.

Injector Size

Figures 5, 6, and 7 were all run with the same number_ of fuel in-
jectors (2) and the same distance between shrouds (about l% in.). For

figure 8 the size of the fuel injector was reduced one-helf but the num-
ber of injectors was incressed to 4. The four fuel injectors were only
run at the 0.7-pound-~per-second airflow conditlion for two different
shroud open sreas. The combustion efficlency as seen in figure 8 was
still good (about 90 percent from 0.3 to 0.8 equivalence ratic), but the
burner stabllity was slightly less. The low pressure for stable_ burning
was 6 or 8 inches of mercury absolute for runs 25 and 26, respectively,
as compared with 5 inches of mercury absolute.for run 21 (fig. 7).

The greatest advantage realized was the Improvement of the ocutlet-.
temperature profile.
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Flameholdexr Dursbility

All of the tests of this program were run at subatmospheric pres-
sures because 1t was bellieved that the subatmospheric reglion was where
combustion problems would arise. It was assumed that the combustion ef-
flciency would remain as high or rise even higher when hydrogen burned
at high pressures. The durabllity of the flasmeholder parts would prob-
ably be the chief worry with high-pressure burning. The flameholders
used in this investigatlion warped slightly st times but never burned out.

Burner Length

The burner length used in this program was constant, 24 inches from
fuel injection to quench-water spray. 8Since it was deslirable to know if
this length were optimum and alsc was lnconvenlent to move either the
fuel injJectors or quench-~water spray bars, other attempts were made to
measure heat release along the burner length. Figure 9 presents data
from two methods. In the first method, shown in figure 9(a), the gas
temperatures at 4, 7, and 13 inches from the fuel injector were calculated
from measured wall static pressures and momenbtum pressure-~drop relations.
The final temperature at 24 inches was celculated from the fuel-air ratio
and the heat-balance combustion efficiency. It appears from the curves of
figure 9(a) that for low equivalence ratios heat addition was completed
in a shorter length, and Tor a high equivalence ratio the full 24 inches
was needed. It must be pointed out, however, that small errors in the
wall static-pressure measurement would produce large errors in the calcu-
lated gas temperature and so the results of figure 9(a) might be
fortuitous.

Figure 9(b) presents gas tempersture measured by a traversing (at—
right angles to the airflow) thermocouple probe at four different axial
stations. With the data of figure 9(b) it was possible to follow the
wake of the flame behind configurstion D as it spread out. No quantita-
tive heat-addition rates were possible with the data, because the single
traverse of the prcobe at each axial statlon was not representative enocugh
to give a true average temperature of the total burner cross section.

DISCUSSION
Cambustion Efficiency

A few broad observations can be made on the cambustion of hydrogen
in this wedge burner. (1) If burning tock place, it was usually very
efficient (above 90 percent) and remained high over a wide fuel-air-ratio
range. When fall-off occurred, it was very rapid. (2) Cambustion effi-
clencles at pressures greater than 1/2 atmosphere were not influenced by

8%9¥
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the fuel-injector design. Every data point taken in the medium pressure
range of 1/2 4o 1 atmosphere fell on a single curve of approximately 100-
percent combustion efficiency with & rapid fall-off cccurring at the ex-
tremely low equivalence ratio of 0.05. For this reason, the summary plot
of figure 5(g) included only the low-pressure-operation region vhere ef-
fects in performance were found. (3) DPropping the combustion pressure
from the medium range to the low range (16 to 25 and 7 to 12 in. Hg abs),
shifted the lean end efficlency dropoff to a richer value. This shift
can readily be seen in figures 5(b), (c), and (d), or in. figure 6.

Shroud Air Blockage

One variable given particular attention was the amount of air admit-
ted inside the fuel-injector shrouds. By varying the percentage of open
area between the shrouds, the lean end fall-off could be controlled andg,
to a lesser extent, the level of the combustion efficiency. For the op-~
timum shroud design a compromise was necessary as the design with the
better combustion efficiency had the lesser range of operation. From
figure 5(g) it appears that either the 9- or 21-percent design {configu-
rations C or D) would be the best choice.

The 63-percent design (configuration F) appears inconsistent with
the other curves of figure 5(g). This lack of order of the 63-percent
curve is perhaps explained by the msnner in which the alr was admitted
Inside the shrouds. Configuration F had blockage that was radially non-
uniform and much closer to the fuel spray bar. Thus, the airflow tur-
bulence in the vicinity of the fuel spray bar would be noticeably dif-
ferent than with the further upstream uniform, U-shaped blockage of con-
figurations B to EH.

Combustion Inefficiencies

Coambustion inefficiencles when using hydrogen fuel should be less
than for hydrocarbon fuels. In addltion to the greater reactivity and
flame speed of hydrogen, there are no unreactive intermediate products
formed as is possible in the case of hydrocarbon fuels. Cambustion in-
efficiencies, then, with hydrogen fuel are probably due to two sources.
(1) There is insufficient time or burner length for camplete mixing of
the unburned fuel and air. A distorted air or fuel-flow profile would,
of course, increase the time required for sufficient mixing. (Z) At
severe operating conditions there can be local blowoff of individual
areas of the fuel-injector - flameholder system. This blowoff results
in fuel-rich zones thet pass unburned out of the burner, which is nor-
melly long enough for complete mixing. This blowoff could be intermittent
or continuous for pasrt of the injector as in the case of configuration A.
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Flameholder Size

When the scale of the fuel-injector flameholder was reduced one-half

(incressing the number offuel-injector flameholders to 4), the combus-
tion efficiency began to decline at high equivalence ratios. A possible
explanation for the rich end drop 1s that the smaller injectors create a
smaller scale of turbulence which decays more rapidly, thus creating a

shorter mixing zone. This short mixing zone could be adequate at medium,

but not at high.equivalence ratios. The rapid drop in combustion effi-
clency at low equivalence ratios is similar in bhehavior to the larger
flameholder. Presumably the same effect now occurs at a somewhat-higher
equivalence ratio. '

Data Accuracy

The maximum probable error in combustion efficiency from measure-
ments of fuel, elr, and quench-water flows was 47 percent at the lowest
fuel flows and x2 percent at the highest fuel flows. The calorimeter
heat loss of 10 to 20 Btu per second was about 1 to 20 percent of the
total heat release depending on the fuel flow. The errors in the meas-
urement of the calorimeter heat losses would result in & cambustion ef-
Ticlency error of 15 percent at the lowest fuel flow to 0.5 percent at
the highest fuel flow. For example, run 23 of figure 7 reaches 104-
percent cambustion efficiency at an equivalence ratio of 0.20. If at s
0.20 equivalence ratio a 4-percent error were caused by a fixed calorim
eter error, this fixed error would emount to less than 1 percent at a
1.0 equivalence ratio.

Burner Stability

The main conbtribubtlion of the work reported herein was development
of a stable flameholder fuel injector for use with hydrogen fuel at low
burner pressures. The injection schemes of references 4, 5, and 6 all
begin to suffer combustion efficiency or stabllity losses below 1/2_
atmosphere pressure. By injecting fuel inside a sheltered zone, essen-
tlally a U-gutter, stable burning was possible to extremely low equiva-
lence ratios of 0.05 and pressures of 5 inches of mercury sbsolute. The
5 inches of mercury absolute wes s facllity and not a stability limit.
The-scheme of injectlng fuel into a sheltered zone not only increased
burning stability, but also resulted in good combustion efficiency in a
short length. Adding increasing amounts of air directly into the shel-

tered region raised the combustion efficiency éven higher (92 to 99 per-

cent, fig. 5(g)) with only a small decrease in stability. For another
example, figure 7 shows that configuration B, a fully sheltered design,
burned at 5 inches of mercury absolute, whereas configurations D and E
with small amounts of air admitted to the sheltered region blew out at 5
inches of mercury absolute and only burned at pressures higher than 8
inches of mercury absolute.

8737
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Additional information sbout the optimm size or shepe of this shel-
tered zone or where the fuel should be Injected Iinto it is still unknown.
The wider of the two sizes of shrouds tried gave the better stability.
This fact may be related to the hydrogen-air-fleme quenching distance
which increases rapidly at low pressures (ref. 3). Future designs might
attempt to maintalin a more desirable or constant fuel-air ratio inside
the sheltered zone by using the fuel momentum to draw in additional air
as the fuel Plow is increased.

A moderate Intensity buzz or resonance was occasionally heard with
all configurations except A, F, and I. The buzz usually occurred &as a
function of pressure or fuel flow. If buzzing occurred, it would become
audible at about a 0.3 equivalence ratio, increase in amplitude to sbout
0.5 equivalence ratio, and then die out at richer fuel flows. Buzz did
not cause any lncrease in the temperature of the burner walls. The buzz
wa.s not screech in the burner Iltself, but presumably a resonance of the
inlet or exhaust dueting of the burner.

Temperature Profile

The temperature profiles of all the injector configurations were
satisfactory for ramjet uses where large exhaust temperature differences
can be tolerated with small propulsive losses. Temperature profiles
were improved so that: (1) Future use of turbojet primary fuel injectors
may be possible, and (2) since a uniform temperature profile implies a
complete resction, 1f mixing is controlling, a& shortened burner length
may be possible. Increasing injector blockage does not always improve
the temperature profile (fig. 6); the blockage must be added to improve
mixing. Increasing the number of fuel injectors and keeping the same per-
cent blockage, however, did almost halve the temperature profile factor as
shown in figure 8. The amount of air admitted inside the shrouds seemed
to have little effect on the temperature profile factor for those config-
urations with the rounded leading edge (zero- to 33-percent open ares.,

rig. 5(g)).

The magnitudes of the Ap/q Tlameholder pressure losses across the
flameholders agree closely to the theoretical sudden expansion losses for
the equivalent blocked areas. The only deviation from theoretical Ap/q
was between configurations G and B (fig. 6). Configuration B had slightly
less A@/q than G even though their normal blocked areas at any axisl
station were equal. A possible explanation was that the tabs bent inward
acted to diffuse the alr around the shrouds, and the tabs bent cubtward
acted as vortex generstors, increasing the boundary-layer air energy and
resulting in the alr flowing around the tab rather than separating.
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Full-Scale Engine Comparison

Figure 10 shows data taken with fuel-injector configurations A and
D in both the connected-pipe burner and a full-size ramjet engine tested
in the 10~ by 10-foot supersonic wind tunnel. Configuration A was run
in a 16-inch-diameter ramjet engine (ref. 6), and configuration D was run
in a 28-inch-diameter ramjet engine. The agreement was excellent in the
overlapping portions of the curves. The gquestion raised by figure 10 was
that of the fall-off of the 28-inch-dlameter-engine lean-ccmbustion effi-
clency data compared with the connected-pipe data, both using the same
fuel-injector configuration D.

SUMMARY OF RESULTS

Gaseous hydrogen fuel was burned in a connected-pipe cambustor of
cross section equal to a 35° sector of a 28-inch-diameter ramjet-engine
combustor.

1. A shrouded fuel injector operated stably and efficilently zat
burner pressures (5 to 15 in. Hg abs) that were too low for a simple
spray-bar fuel injector.

2. Combustion efficiencies above 95 percent were achieved fram
equivalence ratios of 0.1 to 0.46 at a pressure range of 7 to 12 inches
of mercury absolute and a velocity range of 300 to 100 feet per second
for the best shrouded configuration.

3. The most stable cambustion was achieved with & configuration in
which the upstream end of the shroud was completely blocked off.

4. Admitting alr to the upstream end of the shroud increased the
combustion efficlency level but caused the lean end of the efficiency
curve to fall off at a higher equivalence ratio.

5. The completely shrouded fuel injector gave combustlion efficien-
cles above 87 percent at equivalence ratios fram 0.1 to 1.00 with a pres-
sure range of 5 to 8 inches of mercury absolute but, due to a facllity
limit, at a lower velocity range of 130 to 110 feet per second.

6. Mixing tebs on the downstream end of the shrouds hsd no effect on
combustion efficiency but improved the outlet-temperature profile.

7. Reducing the scale of the fuel injectors by one-half resulted in
e marked improvement of the outlet-temperature profile, but the minimum
burner pressure for stable combustion was lncreased from 5 to 8 inches
of mercury absolute.

8%9%
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CONCLUDING REMARKS ON COMBUSTOR DESIGN

For burners operating over l-atmosphere pressure & simple direct-
spray system is ususlly adequate. The size of the fuel jets must be
coarse enough to prevent blowoff and fine enough to insure proper mix-
Ing. References 4 and 5 give details of several types of direct spray-
bar systems. For the intermedlate pressure range of 1/2 to 1 atmosphere,
the simple spray baer might work, but the sheltered-zone type would prob-
ably be preferred because duraebility should not be & severe problem. A
shroud similar to the one used in this report will add sbout a 3-percent
pressure loss due to the blockage but should increase the combustion ef-
ficiency nearly to 100 percent. ’

For burners operating at 1/2— to l/s-atmosphere pressure, burner
stability can be insured by injectling the fuel in a sheltered region and
partially burning it there at an over-rich equivalence ratio. (Eydrogen
has a maximum flame speed at an equivalence ratio of 2.0). Then the hot
fuel-rich stresm 1s mixed with the edditlional air downstream of the shel-
tered region to camplete combustion and to reach the desired over-all
egquivalence ratio or temperature. The size of this sheltered region can
not be too small, or the burner stability will be Impasired; the width
should probably be no smaller than about 1 inch. For high combustion ef-
ficiencies at extremely low equivalence ratios, a completely shrouded
Tfuel injector should be used. For better combustion efficiency at medium
and high equivalence ratios, up to 1/6 of the total air is admitted di-
rectly inside the shroud. Mixing tabs on the shroud wlill provide a bet-~
ter temperature profile and possibly a shorter burner length. It is not
knowvn if the manner of injecting fuel inside the shroud is important.

Lewls Flight Propulsion Laboratory
National Advisory Cammittee for Aeronautics
Cleveland, Ohio, January 27, 1957
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TABLE I. - PERFORMANCE DATA OF HYDROGEN FUEL IN 35° WEDGE SECTION OF A 28-INCH DIAMETER RAMJET
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Figure 1. - Schamatio diegrem of the installation of a connmeotad-pipe ramjet coabugbor.
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Flame 2. - Detafl view of the 35°-wedge section of a 28-inch-dismeter famjet cowbustar.

8T

WIZYESHE W VOVN




4648

CR-3 back

NACA RM E58A21sa

Velocity, ft/sec

Station

3

S 19

Looking upstrezm

4.-00:'
200 |-
0 N ' i S 1
1 2 3 4 5 6 i 8
400 |-
200 -
ol | 1 | ! ] i ] [ R T |
1 2 3 4 5 6 7 8

Distance probe travelled, in.

Airfiow, 4.0 1b/sec

Velocity, 210 f£t/sec
Temperature, 70° F

Inlet pressure, 18 in. Hg abs

O !
Station 1 .

Fuel injector—"

O
O
O
O

Figure 3. -~ Alr velocity profiles downstream of
flameholders (no heat addition). Flameholder

configuration E.



Upstream view ]:> Downstream view

(c) Contiguration ¢, 35° fwo-1njectar flameholders.

Figre 4. - Details of fuel-injectar flameholders used in a 357 sectar of a 28-inoh-dismetar ramjet
combustor. (A1l dimensions in inches.)
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{k) Contigmration K, 55° fom-injector flameholders.

Figure 4. - Concluded. Details of fuel-injeqior *lumsholdery used fu & B5° sactor of a
28-1noh-dinsebar ranjet combustor. (A1l dlmemslions in inches.)
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100
a A
80 4 Q
Z/ Run Burner inlet
o /‘ Airflow, Pressure, Temper- Velocity,
TN 1b/sec in. Hg abs ature, ft/sec ]
g o
6 WA o 1 1.7 8 - 14 250  270-160 -
? & O o 2 2.3 9 - 15 230 290-190
A 3 2.0 12 - 17 240 230-160
%A D 4 1.7 14 - 14 240 170-160 -
Qo 5 2.3 17 - 24 240 180-130
* 01
2
.1 2 3 o4 5

Equivalence ratio, @

(a) Configuration A; 100-percent open area between shrouds; cold flow,
(original configuration, similar to

0.15; 35° two-flameholder units.

ref. 7).

Figure 5. - Combustion efficiency of various flameholder - fuel-injector
configurations in a 35°-wedge section of a 28-1inch-diemeter ramjet com-

bustor.

Variations of open area in the leading edge of the flameholder.
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(b) Configuration B; 5 zero percent open area between shrouds;

cold flow, 1.2; 35° two-flemeholder units.

A
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Run Burner inlet
Airflow, Pressure Temperature, Veloclity,
T Ib/sec in. Hg abe oF ft/sec
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60 .7 4.0 ls - 24 230 320-220
D 8 1.5 7 - 12 250 300-160
A9 4.0 16 - 25 240-320 340-220
\
40 1
o .l lz ls 04 .5

Equivalence ratio, @

(c) Coni‘igura’cion C; 9-percent open area between shrouds; cold
flow, 0.9; 35° two-flameholder units.

Figure 5. - Continued. Combustion efficiency of various flame-
holder - fuel-injector configurations in a 35 -wed,ge section
of a 28-inch-dlameter ramjet combustor. Variations of open
ares in the leading edge of the flameholder.
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(a) Confi%uiation D; 2l-percent open ares between shrouds; cold flow,

0.7; 35° two-flameholder units.
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Equivalence ratio, @

(e) Configuration E; 33-percent open ares between shrouds; cold flow,
0.73 35° two-flameholder units.

Figure 5. - Contlnued.

Combustion efficlency of varicus flameholder -

fuel-injector configurations in =a 35C-wedge section of s 28-inch-

diameter ramjet combustor.

Variations of open area in the leading

edge of the flameholder.




Comnbustlon efficlency, percent
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Bquivalence ratioc, @

(f) Configuration F; 63-percent open area between shrouds; cold flow,
0.2; 35° two-flameholder units.

Figure 5. - Continued. Combusticn efficiency of varlous flameholder -
fuel-injector eonfigurstions in a 35%-wedge section of a 28-inch-
dismeter ramjet combustor. Veriations of open area in the leading
edge of the flameholder.
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Cambustion efficiency, percent
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(g) Comparison of configurations A to F at the same test conditions; air-
flow, 1.5 pounds per second; pressure, 7 to 12 inches of mercury absolute;
velocity, 330 to 160 feet per second; and temperatwure, 250° F.

Figure 5. - Concluded. Cambustion efficlency of various flameholder -
fuel-~injector configurations in & 35°-wedge section of a 28-inch-diemeter
ramjet combugtor. Variations of open erea in the leading edge of the
flamcholder.
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Flgure 6. - Combustlon efficiency of various flameholder - fuel-injector
confijurations in a 35%-wedge section of & 28-inch-dismeter ramjet com-

bustor.

Effect of mixing tabs; 35° two-flameholder units; zero-percent

open ares between SHrouds.
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Combustion efficlency, percent
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Figure 7. - Combustion efficiency of various flameholder - fuel-injector
configurations in a 35°-wedge section of a 28-inch-dismeter ramjet com-
bustor. Performance Ei high equivalence ratios; 35° two-flameholder
uits. (Note compressed equivalence-ratio scale.)
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Figure 8. - Combustion efficiency of four flameholder - fuel-injector
units in a 35°-wedge section of a 28- 8-inch-diameter ramjet com'bustor,
35° four flameholder units.
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Figure 9. - Heat addition along burper length. Fuel-injector configuration D in the 35°-wedge section

of 8 28~inch ramjet combustor.
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Figure 9. - Concluded., Heat addition slong burner length. Fuel-injector configu-
ration D in the 35%°-wedge section of a 28-inch ramjet cambuskcr.
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Figure 1Q. -~ Combustion efficiency of fuel-injector configuratlions A and D In hoth
the 35°-wedge burner and full-size ramjet engines, Inlet conditiona were approxi-
mately the same for all curves. Temperature, 250° F; pressure, 7 to 17 inches of
mercury; veloeity, 270 to 160 feet per second.
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